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ABSTRACT

The fine structure of liver 314 to 72 hours after partial hepatectomy has been compared
with that of liver from sham-operated animals; all animals were 60- to 90-day old male
mice of the G3H strain. Numerous small bodies with diameters ranging from 300 to 1,000
A have been observed distributed randomly throughout the cytoplasm of the hepatic paren-
chymal cells at early intervals after partial hepatectomy. In material fixed in osmium
tetroxide and embedded in methacrylate, they appear as uniformly electron-opaque bodies,
but in permanganate-fixed liver, they display only a peripheral rim of electron-opaque
material surrounding a clear core. Each of these cytoplasmic bodies appears to be located
within a vesicle. A few of the opaque bodies are also present in sinusoids and in the spaces
of Disse; these bodies are not located within vesicular structures. Fat droplets of various
sizes are easily distinguished in regenerating liver; with the increase in number of these fat
droplets at later postoperative intervals, there occurs a concomitant decrease in the number
of cytoplasmic bodies. It is suggested that the cytoplasmic bodies contain some lipid com-
ponent. Possible explanations of the origin, nature, and fate of the cytoplasmic bodies are
discussed.

INTRODUCTION

The cytology and biochemistry of liver regenerat-
ing after partial hepatectomy has been studied
extensively (1-13), and much information is
available concerning the behavior of the various
cell constituents during regeneration. Among
the investigators of regenerating liver, there seems
to be universal agreement concerning an early
accumulation of fat following partial hepatectomy.
Yokoyama et al. (10), using strain A mice, found
that a considerable amount of fat is present during
the first 3 days following partial hepatectomy;
they further demonstrated that glycogen depots
are depleted at this time, but that glycogen is re-
deposited later at the periphery of newly formed

daughter cells. In rats, as demonstrated histo-
chemically by Takahashi (14), there is marked
decrease in the number of fat droplets 3 days
after partial hepatectomy; an increased glycogen
content was observed at 48 hours and persisted
through 3 days.

With the application of electron microscopy to
the study of liver regeneration following partial
hepatectomy, various interesting phenomena
have been uncovered. In 1952, Bernhard et al.
(15) observed enlarged nuclei and nucleoli and
an increased amount of granular endoplasmic
reticulum in rat liver 48 hours after partial hepa-
tectomy. Later, Rouiller and Bernhard (16)
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reported an increase in the number and size of
microbodies in rat liver. In 1960, Takahashi
(14) noted the appearance of fat droplets, the
disappearance of ribosomes from the endoplasmic
reticulum, and the swelling of mitochondria in
regenerating rat liver at early postoperative
intervals.

Since much histochemical and biochemical
information has been accumulated concerning the
regenerating liver, examination of the fine struc-
ture of an organ in such an active state of synthesis
should offer an opportunity for the study of pos-
sible relationships between cytoplasmic compo-
nents and certain of the known physiological
processes of the cell. In this study, emphasis is
placed on the physiological significance of the
appearance and disappearance of cytoplasmic
bodies and fat droplets {ollowing partial hepa-
tectomy.

MATERIALS AND METHODS

Twenty-six male mice of two sublines of the C3H
strain (C3H/StWi and C3H/AnWi) were used in
this study. All animals were between 60 and 90 days
of age; they were maintained at 78°F. and were
allowed Purina Laboratory Chow and water ad
libitum.

Partial hepatectomy was performed according to
the method of Higgins and Anderson (17), and
animals were sacrificed at 314, 7, 1114, 16, 24, 48
and 72 hours after operation. All experimental ani-
mals were sacrificed, with sham-operated controls,
at the same time of day (midmorning) in order to
avoid possible variation due to the existence of any
diurnal rhythm such as that exhibited by mitotic
activity and glycogen content (18, 19). Liver which
was fixed in 2 per cent osmium tetroxide buffered
with Veronal-acetate was embedded in methacrylate
and stained with neutral lead acetate (20). Potas-
sium permanganate, which is insoluble in fat (21),
was also employed as a fixative; material so prepared
was embedded in methacrylate or Epon 812 and
examined unstained, stained with neutral lead ace-
tate, with basic lead acetate (22), or with lead citrate
(23). Liver was also fixed in glutaraldehyde, refixed
in osmium tetroxide, embedded in Epon 812, and
stained as was the permanganate-fixed material; in
glutaraldehyde preparations refixed in osmium
tetroxide, particulate glycogen is rendered visible
(24). Sections were cut on a Porter-Blum microtome
and examined in RCA EMU 3C, D, F, and G electron
microscopes. Light microscope studies were carried
out on preparations fixed in formalin, Bouin’s fluid,
or Rossman’s fluid, and stained with Sudan IV,
hematoxylin and eosin, or periodic acid-Schiff re-
action.

234

OBSERVATIONS
Liver after Sham-Operation

The fine structure of liver after sham-operation
is similar to that described elsewhere (25-27)
for the liver of normal mice of other strains and
for rats. In preparations fixed in Veronal acetate—
buffered osmium tetroxide, glycogen areas are
recognizable as large well defined areas within
the cytoplasm; particulate glycogen is visible in
material fixed in phosphate-buffered osmium
(28) or in material fixed in glutaraldehyde and
refixed in osmium (24), but cannot be distin-
guished in preparations fixed in Veronal-acetate—
buffered osmium tetroxide. A few fat droplets are
present, usually located within glycogen areas,
and are occasionally seen in close association
with mitochondria. After sham-operation, a few
extremely minute electron-opaque bodies can
occasionally be observed in the cytoplasm of
parenchymal cells of livers which have been
fixed in osmium tetroxide (Fig. 1). Each of these
minute bodies appears to be enclosed within a
vesicle. Examination of control tissues with the
light microscope discloses the presence of a large
amount of glycogen and a few fat droplets.

Liver Regenerating after Partial Hepatectomy

Many differences in fine structure exist between
liver from sham-operated animals and
regenerating after partial hepatectomy. At 314
hours after partial hepatectomy, alterations in
the liver are already apparent and continue to be
observed through 48 hours. In general, the change
which occurs is a gradual one, since differences in
the fine structure of liver of animals sacrificed at
intervals more widely separated from one another
are greater than the differences observed in the
liver of animals sacrificed at closer intervals.

The most conspicuous change in regenerating
liver concerns the appearance of numerous cyto-
plasmic bodies ranging from 300 to 1,000 A in
diameter. These bodies are considerably larger
and more numerous than those observed in liver
after sham-operation. In material fixed in osmium
tetroxide, these bodies appear electron-opaque.
Although they are most numerous randomly
distributed throughout the cytoplasm of hepatic
parenchymal cells (Figs. 2 and 3), they are also
present in the spaces of Disse and in sinusoids
(Fig. 4). As early as 334 hours after partial hepa-
tectomy (Fig. 2) the number of cytoplasmic

liver
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Unless otherwise stated, all illustrations are of liver fixed in Veronal-acetate buffered—osmium tetroxide,
embedded in methacrylate, and stained with lead acetate.

Ficure 1 Parenchymal cell from the liver of a C3H mouse 3!4 hours after sham-operation. Note
the glycogen area (GI) in which are located a few minute electron-opaque bodies (7). Each body is con-

tained within a vesicle (V). X 24,500.

bodies which can be observed is extremely high;
at 7 hours the number has increased even more
(Fig. 3), but by 1134 hours it appears to drop to
a level approximating that at 314 hours. At 16
hours after partial hepatectomy, the number of
cytoplasmic bodies in regenerating liver is dimin-
ished even further, and by 24 hours they are no
longer in evidence. In material fixed in potassium
permanganate, the cytoplasmic bodies are not
uniformly electron-opaque as they are in osmium
tetroxide—fixed material, but exhibit only a pe-
ripheral rim of dense material surrounding a
clear core. Each of the bodies within the cyto-
plasm of the parenchymal cell appears to be
located within a vesicle (Figs. 2 to 5), but those
in the spaces of Disse and in sinusoids have not
been observed in association with any vesicular

structure (Fig. 4). The relationship of the vesicles
to their enclosed cytoplasmic bodies is extremely
variable (Fig. 5). Usually the vesicle is only a bit
larger than the cytoplasmic body and looks
almost like a limiting membrane (Fig. 5, A4); in
a few cases, the vesicle is much larger than the
enclosed body (Fig. 5, B) and may even contain
two or more cytoplasmic bodies (Fig. 5, C).
Vesicles containing cytoplasmic bodies have also
been observed apparently fusing (Fig. 5, D). In
some instances the cytoplasmic bodies have been
observed touching the outer membranes of mito-
chondria (Fig. 6), and in other cases they exhibit
involvement with the Golgi complex (Fig. 3).
The number of fat droplets in regenerating
liver is also subject to change. Light microscope
observations of Sudan IV-stained preparations
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Ficure 2 Section of a parenchymal cell from C3H mouse liver 814 hours after partial hepatectomy.
Electron-opaque bodies (1) located within vesicles (V) may be seen randomly distributed throughout
the cytoplasm. Note that the size and number of these bodies is greater than in control liver (Fig. 1). A
few fat droplets (F) are present, one of which (F’) can be seen in contact with a mitochondrion. There
are fewer glycogen areas (GI) than in control liver, but more than in liver at 7 hours after partial hepa-
tectomy (compare with Fig. 3). X 82,000.

of liver at 314 to 48 hours following partial fat droplets appear extremely opaque and are
hepatectomy reveal an increase in total lipid usually chattered (Fig. 7). In permanganate-fixed
content when compared with normal or sham- material, the fat droplets are distinguishable by
operated liver. In osmium tetroxide-fixed material, a large clear core and only a tiny rim of dense
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Ficure 3 Hepatic parenchymal cell from the liver of a C3H mouse 7 hours after partial hepatectomy.
Many more cytoplasmic bodies (1) are present than at all other intervals observed; characteristically, each
body is located within a vesicle (V). Some of these bodies may be seen in association with the Golgi
complex (G). In contrast to Fig. 2 (314 hours after partial hepatectomy), no definite glycogen areas are
present. A bile canaliculus (BC) is included in this section. X 81,500.

material. At 324 and 7 hours after partial hepa-
tectomy, the number of fat droplets in regenerating
liver is only slightly greater than in control liver
but increases to attain a maximum between 16

and 48 hours. Thereafter, the number of fat
droplets diminishes and by 72 hours has dropped
to the level of control liver. The size of the fat
droplets in regenerating liver varies at all of the
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Ficure 4 Section of a hepatic parenchymal cell, the
space of Disse (arrow), and a sinusoid (S?) from the
liver of a C3H mouse 3¢ hours following partial
hepatectomy. A portion of a red blood cell (RBC)
located in the sinusoid is included. Electron-opaque
bodies (I) are present in the sinusoid, the space of
Disse, and within the hepatic parenchymal cell. Note
that those bodies which are located within the hepatic
parenchymal cell are located within vesicles, whereas
those located in the sinusoid and in the space of Disse
are not. X 24,000.

intervals studied after partial hepatectomy; in
general, however, they appear larger after 24
than after 34 hours. Fat droplets apparently
fusing with one another are also evident (Figs.
7 and 8). The cytoplasmic bodies may sometimes
be seen apparently attached to a fat droplet
(Fig. 8), and fat droplets touching mitochondria
(Figs. 2 and 9) are present in all regenerating
livers studied.

Changes in the glycogen content of the cells of
regenerating liver are also apparent. Light micro-
scope observations of periodic acid-Schiff prepa-
rations of regenerating liver at the early intervals
(314 to 16 hours) after partial hepatectomy reveal
a marked decrease in glycogen content when
compared to normal liver and liver of sham-
operated animals. When viewed in the electron
microscope, sections of liver fixed in Veronal-
acetate—buffered osmium tetroxide contain fewer
glycogen areas at 314 hours after partial hepatec-
tomy (Fig. 2) than does control liver. At 7 hours
after partial hepatectomy, no large glycogen areas
can be observed either in osmium tetroxide-fixed,
methacrylate-embedded material or glutaralde-
hyde-fixed, osmium tetroxide-refixed material
embedded in Epon (Figs. 3 and 10). By 1114

Ficure 5 Regenerating C3H mouse liver 814 hours after partial hepatectomy. This shows a glycogen
area (G1) in which several cytoplasmic bodies are located. Some of the vesicles are almost the same size
as the cytoplasmic bodies they contain (A); other smaller bodies do not nearly fill the vesicle (B). More
than one body may be seen within a single vesicle (C), and some of the vesicles are in contact (D). X
30,500.
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Ficure 6 A portion of the cytoplasm of a parenchymal
cell from the liver of a C3H mouse 16 hours after
partial hepatectomy. The close association of cyto-
plasmic bodies (7) with a mitochondrion (M) can be
seen. Also note the two bodies within one vesicle, X
44,000

hours a few glycogen areas have reappeared, and
at 16 hours the size and number of glycogen areas
have increased even further. Between 24 and 72
hours after partial hepatectomy, glycogen areas
appear essentially the same as in control liver.

DISCUSSION

Numerous cytoplasmic bodies have been observed
in regenerating liver at early intervals after partial
hepatectomy. The exact composition of these
bodies is not known; but it has been pointed out
that, in osmium tetroxide-fixed material, both fat
droplets and cytoplasmic bodies are extremely
electron opaque; in permanganate-fixed material,
cytoplasmic bodies, as well as lipid droplets, dis-
play dense peripheries and clear cores. Because of
these similarities between cytoplasmic bodies and
fat droplets, it is suggested that the cytoplasmic
bodies contain at least some component of lipid.
Other investigators have reached similar con-
clusions: Casley-Smith (29) has called structures,

Ficure 7 Regenerating C3H mouse liver 16 hours following partial hepatectomy. Many chattered fat
droplets are located in a glycogen area (G7). Two of these (F’ and F”) are apparently fusing. X 20,000,
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Ficure 8 Hepatic parenchymal cell from a C3H mouse 314 hours after partial hepatectomy. Cytoplasmie
bodies (1) and fat droplets of various sizes (F) are apparently in contact with the largest fat droplet

(F") in the field. X 48,000.

which have the same size range and fixation
properties as the bodies observed here, lipopro-
teins; Wassermann and McDonald (30) have
described similar structures as lipomicrons wtich,
they suggest, represent lipids in transit to or from
fat depots.

If the cytoplasmic bodies of regenerating liver
are, in fact, lipid-containing bodies, it is still not
known whether they represent an increased intake
of lipid into the cell or an increased rate of de
novo synthesis by the liver. It is known that, during
starvation, fat is mobilized into the liver. Harkness
(31) contends, the effects of partial hepatectomy
merely represent an exaggeration of the effects of
starvation. In this connection, it should be pointed
out that, during the first 24 hours after partial
hepatectomy, mice eat very little; moreover, when
livers of fasted, non-operated animals are examined
in the electron microscope, the presence of a few
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Freure 9 Cytoplasm of a parenchymal cell from
C3H mouse liver 11 14 hours after partial hepatectomy.
The intimate relationship of a fat droplet (F) and a
mitochondrion (M) is depicted. X 85,000.
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Figure 10 Parenchymal cell from a C3H mouse liver 7 hours after partial hepatectomy. Fixed in
glutaraldehyde and refixed in osmium tetroxide, embedded in Epon, and stained with lead citrate. Note
scarcity of glycogen particles. X 29,000.

cytoplasmic bodies is revealed (Trotter, data
unpublished). That fat can enter hepatic paren-
chymal cells by the process of pinocytosis has
been demonstrated (32, 33). If the effects of partial
hepatectomy are essentially an exaggeration of
those of starvation, and fat is mobilized into the
liver, the vesicle in which each of the cytoplasmic

bodies is located may represent a pinocytotic
vesicle formed as the small, lipid-containing body
enters the parenchymal cell. The observation that
those bodies which are found in sinusoids and in
the spaces of Disse are not located within vesicles,
whereas those within hepatic parenchymal cells
are, might tend to support this hypothesis; how-
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ever, the number of electron-opaque bodies
present in the sinusoids and the spaces of Disse at
314 hours after partial hepatectomy is very small
compared with the number present within the
hepatic parenchymal cells. Thus, formation of
pinocytotic vesicles, if it does take place, probably
must occur earlier than any of the intervals after
partial hepatectomy which were examined in this
study. Examination at intervals as early as 10,
20, 40, 60, and 120 minutes after operation has
been undertaken in order to ascertain whether
any appreciable amount of pinocytosis can be
observed.

It is, as previously mentioned, equally possible
that the cytoplasmic bodies observed in regenerat-
ing liver at early intervals after partial hepatec-
tomy represent an increased rate of de novo syn-
thesis of lipid-containing bodies for export. It has
been shown (13, 34, 35) that, soon after partial
hepatectomy, there occurs a decrease in the total
plasma protein content of the blood. Most of the
proteins which are components of plasma lipo-
protein are, under normal conditions, synthesized
in the liver (13). If the cytoplasmic bodies of the
regenerating liver are lipoprotein, it might be
suggested that they are formed in the hepatic
parenchymal cells to replace plasma lipoprotein
lost after partial hepatectomy. It does not seem
likely that the cytoplasmic bodies have any func-
tion in restoring the level of albumin in the blood,
since the number of cytoplasmic bodies begins to
decrease as early as 16 hours after partial hepa-
tectomy and since the serum albumin content
remains Jow until at least 5 days (35) after opera-
tion. The plasma globulin content, however,
begins to rise 24 hours after operation (13, 34, 35).
This increase does coincide with the decrease in
number of cytoplasmic bodies observed in re-
generating liver. It may be that the cytoplasmic
bodies observed during the early hours after partial
hepatectomy result from an increased de novo
synthesis of plasma globulins by the liver, or an
increase in the amount of globulin being exported.
If this is true, it might be possible to find an in-
creased number of these bodies in the sinusoids
and in the spaces of Disse at 16 to 24 hours after
partial hepatectomy when they disappear from
the cytoplasm of the hepatic parenchyma. From
the observations made in this study, this does not
appear to be the case; however, additional work
in this area is in progress and the possibility that
the bodies contain plasma globulins for export
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cannot be ruled out until more information is
gathered.

The process by which lipoproteins are secreted
from the liver into the circulation, vig the hepatic
sinusoid, is thought to involve the endoplasmic
reticulum (36, 37). It has also been suggested
that the endoplasmic reticulum may be concerned
with lipid synthesis (38) and glycogenolysis (39).
It will be recalled that, in regenerating liver, the
decrease in glycogen content coincides with the
increase in the number of cytoplasmic bodies in
the hepatic parenchyma. Thus, if the above
observations can be applied to the problem of
liver regenerating after partial hepatectomy, the
vesicles surrounding the cytoplasmic bodies may
be part of the agranular endoplasmic reticulum
assisting in the export of lipoprotein, synthesis of
hepatic lipids, and/or glycogen depletion.

Whether the cytoplasmic bodies of regenerating
liver are synthesized within the cell or whether
they enter the cell from the blood stream, it does
seem that they are somehow related to the large
fat droplets which are always observed to accumu-
late at later postoperative intervals when the
number of cytoplasmic bodies begins to decrease.
Fat droplets of various sizes have been observed in
contact with one another at all intervals after
partial hepatectomy and in contact with the cyto-
plasmic bodies at the earlier intervals. It is sug-
gested that the fat droplets may grow in size by a
process of coalescing with one another and that
the cytoplasmic bodies may also be incorporated
into the fat droplets. At 48 hours after partial
hepatectomy, the fat content of regenerating liver
begins to decrease. During the period of fat break-
down (48 to 72 hours), no minute cytoplasmic
bodies are observed; thus, it does not appear that
fat breakdown is simply the reverse process of fat
accumulation. It is known that lipid oxidation is
carried on principally by mitochondria (40), and
mitochondria have been observed in close mor-
phological association with fat droplets (41 and
42). Since fat droplets in regenerating liver are
observed in association with mitochondria, it is
suggested that this is an observation of lipid
oxidation. It has been noted that the cytoplasmic
bodies are also occasionally associated with mito-
chondria. Since the cytoplasmic bodies are ran-
domly distributed throughout the cell, there is
perhaps no significance to this association. How-
ever, it may be that the cytoplasmic bodies are
also oxidized by mitochondria.
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